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Abstract 
One of the contemporary challenges for cardiovascular tissue engineers is to design hemocompatible biomaterials that promote 
neo-tissue formation. Despite many years of intensive research materials used to fabricate synthetic implants still cause clot 
formation in the bloodstream, which can have fatal consequences for the patient. Currently, the most promising strategy to 
fabricate non-thrombogenic materials is covering the implant surface with a layer of endothelial cells. Endothelial cells can be 
applied onto the synthetic implant before the procedure (in vitro endothelialization) or can be recruited from the bloodstream 
and the surrounding areas (in situ endothelialization).  
In the presented work, a method to modify polyurethane surface is proposed. The surface-modified materials are designed to 
selectively promote endothelial cell adhesion and proliferation. The modification is based on three-step process: surface 
activation, introduction of spacer and coupling of peptide to the spacer molecule. Colorimetric assays confirmed the successful 
incorporation of the proper functional groups after each modification step. As a modifying peptide we decided to use peptides 
containing REDV sequence, which has been proved to promote ECs adhesion and proliferation. In order to confirm the 
successful incorporation of peptides and visualize their surface distribution a set of materials with fluorescence stained peptides 
was prepared and analyzed with fluorescence microscopy.  The number of HUVEC adhered to REDV-modified materials was 
significantly higher compared to the number of cells adhered to the non-modified polyurethane. 
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 
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1. Introduction 
Polyurethanes (PUs) are among most widely used polymers in the field of biomedical engineering. They exhibit 
desirable features, such as good biocompatibility and excellent mechanical properties. However, when PUs contact 
with blood, they – like other synthetic materials – initiate unwanted thrombogenic processes. It may result in 
prosthesis failure and patient’s death due to a formation of blood clot. 
To eliminate this obstacle various attempts in modification of PUs were made. One of the ideas is to change 
surface wettability either by increasing [1,2] or decreasing [3] the water contact angle. Nevertheless, the most 
promising approach relies on introducing chemical and biological elements on the polymer surface, e.g. ionic 
groups [4] fibronectin [5], fibrinogen [6], vitronectin [7], collagen [8] and many others.  However, these methods 
have only limited efficacy and not overcome addressed issue completely. Blood doesn’t coagulate inside blood 
vessels, thanks to specific substances released constantly from endothelial cells (ECs), which form inner layer of a 
vascular wall.  
Thus, the most promising strategy to fabricate non-thrombogenic materials is covering the implant surface with 
a layer of endothelial cells. This approach seems to be the most close to ideal, leading to hybrid implants - artificial 
devices coated with a layer of living cells permanently connected to the implant and actively preventing platelet 
activation and implant rejection. Unfortunately, in order to create such bioactive surface we need to modify 
polymer surface to enhance cell attachment and growth. 
In the presented work we proposed a method to modify PU surface with peptides containing REDV sequence, 
which has been proved to promote ECs adhesion and proliferation [9-11].  
2. Materials and methods 
2.1. Reagents 
N,N-dimethylacetamide (DMAC), (3-aminopropyl)-triethoxysilane (APTES), glutaric anhydride, 2-(N-
morpholino)ethanesulfonic acid (MES) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were obtained 
from Sigma-Aldrich. Isopropyl alcohol, toluene and acetic acid were obtained from Carlo Erba. Silicon 
tetrachloride (STC) was provided by Acros Organics. Ethyl alcohol was provided by Stanlab. N-
hydroxysulfosuccinimide (sulfo-NHS) was provided by Thermo Scientific. GSGREDVGSG peptide was custom-
synthetized by Novazym, Poland. HUVECs together with cell culture media and reagents were purchased from 
Lonza. 
2.2. Preparation of PU films 
Polyurethane was purchased in form of pellets (ChronoFlex, AdvanSource Biomaterials). Pellets were washed 
in isopropyl alcohol solution (5%), rinsed with water, dried until constant mass in 37ºC and dissolved in DMAC at 
a concentration of 20% w/v. The solution was poured onto clean glass and dried at 37°C until total solvent 
evaporation. The obtained film was peeled-away, cut and used for further modification. 
2.3. Surface modification 
2.3.1. Silanization 
A solution of 5% SiCl4 in anhydrous toluene was prepared. Anhydrous toluene was obtained from standard 
solvent by dehydration with molecular sieves (Sigma-Aldrich) for 24h. PU samples were immersed in the solution 
for 5 minutes, rinsed with anhydrous toluene and left for a few minutes to air-dry. Next, samples were put inside 
closed containers with water in such a manner that they hadn’t got a direct contact with it. Then the containers 
were left for 1 hour in 30ºC in order for hydrolysis to occur. In the end, all silanized samples (PU-OH) were rinsed 
with anhydrous toluene and left to air-dry. 
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2.3.2. Amination 
A solution of 4% ethyl alcohol in water was prepared. Then APTES at a concetration of 4% v/v was added. The 
solution was left for 5 minutes in order for hydrolysis to occur and free silanols to form. Silanized samples (PU-
OH) were immersed in the solution (separately and in closed containers) and left for 2 hours. After that time 
materials were rinsed with ethyl alcohol solution, and then twice with water (15 minutes, on stirrer). Finally, 
aminated samples (PU-NH2) were dried for 24 hours in 50ºC. 
2.3.3. Carboxylation 
A solution of 1% glutaric anhydride in phosphate buffer (0.1 M, pH = 7.0) was prepared. Aminated samples 
(PU-NH2) were immersed in the solution (separately and in closed containers) and left for 2 hours on shaker. The 
obtained carboxylated materials (PU-COOH) were rinsed twice with water (15 minutes, on stirrer) and left to dry 
in 30ºC. 
2.3.4. Peptide coupling 
Carboxylated samples (PU-COOH) were left for 1 hour in the activating buffer (0.1 M MES, 0.5 M NaCl, pH = 
6.0). Then a solution of 5 mM sulfo-NHS and 2 mM EDC in the activating buffer was prepared. Materials were 
immersed in the solution and left for 15 minutes at room temperature. After that, samples were rinsed with the 
activating buffer and were ready for peptide coupling. REDV peptide was dissolved in a phosphate buffer (pH = 
8.0); samples (PU-COOH) were immersed in the peptide solution and left for 2 hours at room temperature. Next, 
materials were rinsed with washing buffer (PBS-Triton; Sigma-Aldrich) and rinsed with PBS buffer.  
2.4. Surface analysis 
After each modification step the succesfull incorporation of the appropriate funtional group was confirmed 
using colorimetric assay with methyl orange. Additonally, the surface was analyzed with FTIR spectroscopy. 
Incorporation of peptide was determined with the use of fluorescence microscope and FITC-labelled petides. 
2.5. HUVEC adhesion 
Prior to adhesion experiments, REDV-modified and non-modified materials were incubated with serum-free 
EBM-2 medium for 1 h at standard cell culture conditions (37°C, 5% CO2 and 95% humidity). Then the HUVECs 
were seeded onto the surfaces with serum-free EBM-2 and incubated at standard cell culture conditions for 2 h. 
After 2 h, the unbound cells were washed away with PBS, and the remaining bound cells were fixed with 
paraformaldehyde (4%/PBS, 2h, 4°C) followed by fixation with OsO4 (1%/PBS, 1h, 4°C). Materials were then 
dehydrated through graded concentrations of ethanol (50%, 60%, 70%, 80%, 90% and 100%, 5 minutes each), 
dried, sputtered with gold and analyzed with scanning electron microscope. 
3. Results and discussion 
3.1. Surface analysis 
The proposed method of surface modification involved few steps. In the first step the PU surface is activated by 
introduction of silanol groups. The surface silanol groups are then coupled with the spacer molecule – APTES. In 
the next steps, aminated PU surface is carboxylated followed by peptide coupling via EDC/sulfoNHS chemistry. 
The silanization process was monitored by FTIR analysis, which confirmed successful silanization – after 
silanization a new peak at 1020 cm-1 (Si O Si stretching) and a broad band at 3300 cm-1   (O – H) appeared in 
the PU spectrum (Fig.1).  
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A simple colorimetric assay using methyl orange confirmed a proper chemical modification of the surface after 
amination and carboxylation steps. Methyl orange molecules form ionic bonds with amino groups in 1:1 molar 
ratio, they don’t bind to carboxylated or hydroxylated surfaces. Thus, it was possible to estimate the quantity of 
spacer molecules introduced onto the polymer surface. Absorbance measured for non-modified materials (PU), PU 
after silanization (PU-OH) and carboxylated PU (PU-COOH) was significantly lower compared to the values 
obtained for aminated PU (PU-NH2). The results for PU and PU-OH were obtained propably due to the non-
specific adsorption of methyl orange molecules onto tested surfaces. The estimated number of moles of  NH2 
groups after surface amination equaled 61.9 nmol/cm2. The number greatly decreased after surface carboxylation 
and reached the value of 4.7 nmol/cm2, which proved that almost all amines groups reacted with glutaric 
anhydride. 
Tab.1: Results of colorimetric assays with methyl orange performed after each step of surface modification. The estimated 
number of surface-introduced amines groups. 
Sample Absorbance Number of NH2 moles [nmol/cm2] 
PU 0.01±0.00 n/a 
PU-OH 0.03±0.01 n/a 
PU-NH2 0.39±0.17 61.9±28.6 
PU-COOH 0.04±0.01 4.7±1.9 
 
 
Fig. 1. FTIR spectra. Blue line: non-modifed PU, red line: PU after silanization (PU-OH). 
To prove incorporation of peptides molecules onto PU surface, a set of materials with FITC-labelled petides 
was prepared. The control materials, PU (Fig.2A) and PU-COOH (Fig.2B) were also incubated with FITC-labelled 
peptides solution, followed by PBS washing. No fluorescence signal can be seen on these photographs, which 
proved that the non-specific adsorption of peptides onto the control surfaces have not occurred. Fig.2C shows 
fluorescence images of REDV-modify PU, a clear fluorescence ilumination can be noticed. 
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Fig. 2. Fluorescence images of control materials after incubation with FITC-labelled peptide: (A) PU, (B) carboxylated PU and material 
chemically modified with FITC-labelled peptides: PU-REDV (C). 
3.2. HUVEC adhesion 
The influence of surface incorporated REDV peptides on cell behavior was assessed by short adhesion assay. 
After a given incubation time, number and morphology of surface-adhered HUVECs were analyzed. The 
significant increase in the number of surface-adhered cells has been noticed when observed REDV-containing 
materials (Fig.3B). Cells were spread onto the surface and possess proper morphology. Control material, non-
modify PU have not encouraged cells to adhere – there were only few cells on the PU surface observed. 
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Fig. 3. HUVECs adhesion to PU (A) and REDV-modified PU (B). 
4. Conclusions 
A method for immobilisation of peptides molecules onto PU surfaces has been proposed. The aim of this 
modification was to selectively enhance endothelial cell adhesion and growth. Colorimetric assay together with 
spectroscopic analysis and fluorescence microscopy confirmed the success of each modification step. The 
incorporation of REDV-containing peptides strongly increased the number of surface-adhered HUVECs. 
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